although the prior formation of an unstable intermediate is not excluded.
In a previous paper (Cecil & McPhee, 1955b ) the reactions of oxidized glutathione, cystine and some cystine derivatives were described. It was found that S032-ions react according to the equation R.S.S.R + So32--R.S-+ R.S.S03-, but that HS03-ions do not react. Since the reaction with R.S is reversible (Footner & Smiles, 1925) the equilibrium R.S-+ H+=R.SH has also to be taken into account. It was found that the negatively charged disulphides react much more slowly than do those with no net charge. Thus with oxidized glutathione and cystine there is an optimum pH at which the observed rate of reaction is maximal. Below the optimum the observed rate falls off because of decreasing S032-concentration, and above it because of increasing negative charge on the disulphide molecule due to dissociation of the amino groups.
This paper describes similar studies on a number ofother compounds, including homocystine and two positively charged compounds, bis-(f,-aminoethyl) disulphide (cystamine) and bis-(V-aminopropyl) disulphide (homocystamine). It has been found, as was expected from the previous results, that the positively charged compounds react much more rapidly than those with no net charge. Homocystine and its derivatives react more slowly than the corresponding cystine derivatives, but otherwise show the same general behaviour. The application of this work to the disulphide groups of proteins is discussed.
The theoretical descriptions of disulphidesulphite reaction and equilibrium mixtures have been given in detail (Cecil & McPhee, 1955b) , and the same notation will be used here.
EXPERIMENTAL ReagentM
Cy8tamine. A sample of the dihydrochloride was kindly supplied by Horlicks Ltd., Slough, Bucks. (Found: Cl, 30 7;  C4Hj4N2S2C12 requires C1, 31-6 %.) Standard solutions of the dinitrate were made by adding the calculated amount of AgNO8 to solutions of the hydrochloride in 3 filtering off the AgCl and making the filtrates 'up to the required volumes.
C10Hj4O4N4S2 requires C, 3741; H, 4-9; N, 8.6%.) Homocystamine. Homocystamine dihydrobromide was prepared by the method of Schoberl & Kawohl (private communication from Professor A. Schoberl; also Kawohl, 1953) . Standard solutions of the dinitrate were made up as described for cystamine.
Methods
The other reagents used and the experimental details of the analytical method and kinetic experiments have been described previously (Cecil & McPhee, 1955a, b) . Briefly, kinetic experiments were carried out in buffered solutions over the pH range 4-11-5, samples were withdrawn at measured time intervals and the reactions stopped by bringing the pH to 1-8-2-2 with HNO3 or H2S04. The thiol concentrations were then found by potentiometric titration with AgNO,,.
The disulphide concentrations used were between 0-4 and 1-5 mM, and the sulphite concentration was varied from approximately equimolar with disulphide to a 40-fold molar excess.
Na2SO3 was used as its own buffer whenever possible,
i.e. when the sulphite was present in greater than 10-fold excess over disulphide, in the pH range 6-0-7-4. Other buffers used were acetate, phosphate, borate and carbonate. Determination of dissociation constant8. Samples of carbonate-free solutions of cystine hydantoin, homocystine hydantoin and cystamine were titrated potentiometrically with standard carbonate-free NaOH solution in a closed titration flask, with a Cambridge Atki glass electrode. Oxygen-free Ns was bubbled through continually and served to keep the solution stirred. The glass electrode was standardized against a hydrogen electrode.
RESULTS

Estimation of the di8ulphides
The methods of estimation for homocystine and five other disulphides (by allowing them to react with Na%SO3 and titrating the thiol formed with AgNO3) have been reported (Cecil & McPhee, 1955a) , and methods for five more disulphides are sumnnarized in Table 1 . The corresponding thiols have not been studied as pure substances but only as disulphidesulphite reaction mixtures. No errors were found for the titrations in acid solution of ,B-aminoethanethiol (cysteamine), (which was titrated in H2SO4, not HNO3, as the latter medium gave flat, asymmetric titration curves), y-aminopropanethiol (homocysteamine) or cysteine hydantoin. With homocysteine hydantoin, errors which varied slightly with pH occurred below pH 4-3. In the range of pH 1-9-2-3 the error was + 3 % and was constant over the range of thiol and buffer concentrations used. Similarly, N-formylhomocysteine gave a + 1 % error over the pH range 2-0-2-3. This error varied considerably with pH, rising to + 10 % at pH 3-2 and 8 % at pH 1-75. It was unchanged in the presence of borate or carbonate. As before (Cecil & McPhee, 1955b) , correction factors were applied to the titrations done during kinetic experiments.
Homocysteine showed unusual behaviour in acid solution, the titration error varying continuously with pH and sulphite concentration. With a 20-fold molar excess of sulphite over thiol (in solutions acidified with HN03), the titration error varied from +10 % at pHl-7 to +2 % at pH2-3. At pH 2-2 the error varied from 0 when the sulphite excess was less than fivefold to + 12 % when the excess was 100-fold. Thus a series of control titrations with homocysteine at an identical titration pH had to be carried out after each kinetic experiment to find the correction factors to be used; these varied in any one experiment since the sulphite: thiol ratio varied continuously. The errors were of the order of 3-10 %, being 1-2 % higher in the presence of borate or carbonate than when the salts were absent.
Dissociation constants of groups in the di8luphide, molecules The dissociation constants of cystamine and homocystine hydantoin were calculated from the titration data by the method of Simms (1926) . With Table 1 . Estimation of disulphides Temperature of reaction was 600 for diformylhomocystine; the other compounds were allowed to react at room temp.
In each case the titration with AgNO3 was done at the reaction pH. Vol. 64 
Reaction of diformylhomocy8tine
The pK values ofthe carboxyl groups ofdiformylhomocystine would be expected to be similar to those of dithiodipropionic acid and diformylcystine (i.e. less than about 5-5B5), so that kinetic experiments at pH 6-5 refer, within the experimental limits, to the completely ionized form.
Above pH 9, the reaction is reversible and all the sulphite is in the form of SO,2-. Rate constants (k.) for the forward reactions between ionized diformylhomocystine and SO,-ions at 0°and 250 were found from experiments in the pH range 9-2-11-2; at 00, ka = 0 57 ± 0 04 1. mole-'/min. Table 4 were calculated as shown previously (Cecil & McPhee, 1955 b) . As with the three other thiol compounds studied, the SH group of N-formylhomocysteine has a heat of ionization of approximately + 6000 cal./mole-'.
Reaction8 of homocy8tine, homocy8tine hydantoin and cy8tine hydantoin The kinetic expressions applying to these reactions, which are complicated by the presence in the disulphide molecules of groups whose state of ionization change in the pH range used, have been derived (Cecil & McPhee, 1955b) . The rate constants for the reactions with S032-ions (k2) ofthe zwitterion form of homocystine and the uncharged forms of homocystine hydantoin and cystine hydantoin were calculated from equation (1), by taking the value of Kq (1.6 x 10-7) found in experiments with other disulphides and using the apparent rate constants (k') measured in the pH range 4 8-7-0. The results are summarized in Table 5 , and the mean values for k2 are given in Table 9 .
Above pH 9, the apparent rate constants (k") of the forward reactions with S032-ions decrease as the pH is increased, the results for homocystine and homocystine hydantoin being shown in Table 6 Vol. 64 which are given in Table 9 . (These were calculated from the experiments in Table 6 .) The rate constants for the forms of net charge -2 which were found from experiments in carbonate buffers are also given in Table 9 .
Experiments were not done at high enough pH values for the equilibrium constants for the reactions of homocystine and homocystine hydantoin (in forms ofnet charge -2) with S032-ions to be found.
Reaction8 of cy8tamine and homocy8tamine The rate constants for the reactions of cystamine (net charge + 2) and homocystamine (net charge + 2) with S032-ions were found from experiments in acetate buffer (I 0.03) over the pH range 4*5-5*5, KR being taken to be 1-6 x 10-7 as above. The results are shown in Table 7 , the mean k2 values being given in Table 9 .
The presence of buffer salts markedly affects the rates of these two reactions. Increasing the ionic strength lowers the rate constants for the reactions, and also phosphate, borate and carbonate inhibit the reaction. It has been found (Cecil & McPhee, 1955b) Table 9 summarizes the kinetic data so far obtained on the reactions of disulphides with So32-ions, the influence of the net charge of the disulphide molecules on the rate constants being clearly demonstrated. Homocystine and its derivatives react more slowly than the corresponding cystine compounds, the largest differences being between the rate constants for the zwitterion forms of homocystine and cystine, which differ by a factor of about 7. However, the values of k2 for all the homocystine derivatives are of the same order of magnitude as for the corresponding cystine derivatives, and it is clear that the most important factor governing the rates of reaction of disulphide bonds with SQ32-ions is the net charge in the immediate vicinity of the bonds. Total charge also influences the rate constants to a certain extent, uncharged cystine derivatives (diacetylcystine ester and the uncharged form of cystine hydantoin) reacting more closely than the zwitterion form of cystine; similarly, the uncharged form of homocystine hydantoin reacts more slowly than the zwitterion form of homocystine.
The work of Schoberl & Ludwig (1937) and Kassel & Brand (1938) is in qualitative agreement with that presented here, except for the reaction of cystamine with sulphite. They found that cystamine reacted more slowly than cystine, although Kassel & Brand (1938) observed that cystine ester did react more rapidly than cystine. Much higher ionic strengths were used in both these sets of experiments than in ours, which is a possible reason for the different results.
It is significant that the reactions of simple disulphides with potassium cyanide follow the same general pattern as the reactions with sulphite (Schoberl & Ludwig, 1937) . The reacting species is almost certainly CN-ions, and reactivity will be governed by charged groups in the disulphide molecules, although the variations in rate constants might be expected to be less than is the case with divalent S032-ions. Similarly, the reduction of disulphide bonds by thiol compounds involves, in alkaline solution at least, the attack of RS-ions, so that variations in reactivity of disulphide bonds toward, say, alkaline thioglycollate (Walker, 1925) could be due to nearby charged groups. Coulomb forces will also influence the reactivity of disulphides toward OH-ions (Tarbell & Harnish, 1951) .
This work has been done at relatively low ionic strengths (I < 0.15) where Coulomb forces exert their maximum effect. At high ionic strengths the Vol. 64 differences in rate constants may not be so large, but the overall effects observed are so great that the differences would be expected still to exist.
Application to protein8. The variations in rates observed are large enough to show up as qualitative differences for disulphide bonds in proteins. For example, with a 20-fold molar excess of sulphite over disulphide at pH 7 at room temperature, the cystamine reaction is complete in less than 1 min., the cystine reaction is complete in 15 min., but the diformylcystine reaction takes over 30 hr. to reach completion. Thus under a standard set of conditions, protein disulphide bonds which had either no net charge or a net positive charge in their immediate environment would react readily with sulphite, whereas those associated with net negative charges would appear not to react. The pH range normally used in the study of proteins is about 4-6, where negative charges would be due to C02-groups, but at higher pH values ionization of tyrosine OH groups would be expected to influence the rates of reaction of neighbouring disulphide bonds. Lindley & Phillips (1947) have suggested that the variations in reactivity of disulphide bonds in wool toward sulphite could be due to their environments, the reactive bonds being associated with carboxyl and acid amide side-chains, and the unreactive bonds having non-polar environments. However, the present work indicates that nearby carboxyl groups would make disulphide bonds unreactive toward sulphite, a non-polar environment allowing them to react readily unless steric hindrance were the limiting factor.
It is interesting that all the disulphide bonds of wool can react with oxidizing agents which are neutral molecules, but that only about 30 % of the total will react if the oxidizing agents are negative ions (Alexander, Hudson & Fox, 1950) . Further, the rate of reaction with MnO4 ions decreases with increasing pH, so that it appears that charged protein groups play some part in these reactions.
When an ionic reactant is involved, it might be anticipated that Coulomb forces from nearby charged groups would greatly influence the rates of reaction ofprotein functional groups. However, the effect has rarely been considered in protein chemistry and the possible magnitude of such effects in typical reactions used for studying proteins does not appear to have been previously demonstrated. Similar studies on characteristic reactions of other amino acids and their simple derivatives would give information essential to an understanding of the chemistry of proteins. For example, 1-fluoro-2:4-dinitrobenzene reacts readily with both histidine and its methyl ester to form bisdinitrophenyl derivatives, but reaction is very slow with cx-acetylhistidine and oc-benzoylhistidine methyl ester (Sanger, 1945) . Thus environment will influence the reactivity of protein imidazole rings toward FDNB, 1-fluoro-2:4-dinitrobenzene, and variations in reactivity have been observed (Porter, 1950) .
Interactions between various protein functional groups (due to Coulomb forces, hydrogen bonding, etc.) would be expected to cause variations in the ionization constants of any one type of group (Laskowski & Scheraga, 1954) , and there is evidence that the pK values of the tyrosine OH groups of native egg albumin may vary (Crammer & Neuberger, 1943) . Rate constants for reactions involving different charged forms of the side chains would be considerably different. For example, the rate constant for the reaction of the OH form of tyrosine with hypoiodous acid is about 1000 times lower than that for the 0-form (Li, 1942) . Similarly, the rates of oxidation of dithiol compounds depend on the pK values of the SH groups (Barron, Miller & Kalnitsky, 1947) . Thus variation in the state of ionization of groups of a particular type at a given pH would be one of the factors leading to the apparent non-reactivity of protein functional groups under a given set of reaction conditions. Configurational changes in protein structure, such as are involved in denaturation or in the stretching of fibres, will change the environments of many of the functional groups, thereby bringing about general differences in reactivity. For example, disulphide bonds which react slowly with SO32-ions in a native protein (due to nearby CO2 groups) may react readily in the denatured state. (The converse is also true, so that, even though more disulphide bonds may be detected after denaturation, those found do not necessarily represent the total number in the protein.) Again, changes in pK values of groups on denaturation, as occurs with the tyrosine OH groups of egg albumin (Crammer & Neuberger, 1943) , will cause a different reactivity if similar reaction conditions are used. It is always possible that groups may appear non-reactive after denaturation. For example, dii8opropyl fluorophosphate (dii8opropyl phosphorofluoridate) reacts with native chymotrypsin but with neither denatured enzyme nor with any of the constituent amino acids under the same conditions (Jansen, Nutting, Jang & Balls, 1950) . It is likely that a study of the reaction of diisopropyl fluorophosphate with derivatives of certain amino acids would indicate which enzyme group is involved in this reaction, and also the reason for its apparent increased reactivity in the native protein.
SUMMARY
1. The methods of estimation and the kinetics of the reactions with sodium sulphite of the following disulphides are described: cystamine, homocyst-
